In a screen for receptor tyrosine kinase genes regionally expressed in the developing hindbrain, we cloned and characterised the chicken ret gene. Data derived from studies of congenital human disease and from disruption of murine ret have demonstrated roles for ret in development of the kidney and enteric nervous system; the latter has been most well-studied in the avian embryo. In agreement with studies of the mouse embryo, we find expression of ret in both the intermediate mesoderm and the enteric nervous system. However, we additionally detect transcripts specifically in the vagal neural tube prior to the migration of enteric crest precursors, suggesting a possible earlier function in regionalisation of the neural tube and vagal neural crest. This spatial restriction in the neural tube is modulated by retinoic acid, but it is not coordinately regulated with RAR-6 which shares a common anterior limit of expression with ret in normal embryos. Widespread expression of ret in placodal and neural crest derivatives raises the possibility of other roles in the development of the peripheral nervous system. In addition, ret may function in the spatial organisation of the epithelial somite, where it might play a role in the specification of anterior dermamyotome.
Introduction
The organised patterning and subsequent development of the vertebrate nervous system is expected to be regulated by local signalling interactions. There is increasing evidence that, after neurulation, mesodermal cues largely cease to influence regionalisation of the neuroepithelium (Guthrie et al., 1992; Storey et al., 1992; Kuratani and Eichele, 1993) whereas planar interactions within the neural tube continue to be important. Several lines of evidence suggest that such local signalling processes are important in the regional organisation of the hindbrain and its neural crest derivatives. These include depletion of neural crest cells in rhombomeres (r) 3 and 5 by BMP-4 (Graham et al., 1993 , formation and regeneration of rhombomere boundaries (Guthrie and Lumsden, 1991; Mahmood et al., 1995) , and elimination of Krox 20-positive cells from the posterior part of r2 (Wilkinson, 1993) . Further circumstantial evidence for the importance of local signalling events in the organisation of the hindbrain derives from the spatial expression patterns of mRNA encoding receptor tyrosine kinases (RTKs) and their ligands. These include members of the e&e@ RTK family (Nieto et al., 1992; Becker et al., 1994) , their ligands (Cheng and Flanagan, 1994) , Fgf-3 (Wilkinson et al., 1988; Tannahill et al., 1992; Mahmood et al., 1995; R. Mahmood, I. Mason and G. Morriss-Kay, unpublished data) and FGF receptors (N. Cohen, K. Robertson, R. Mahmood and I. Mason, unpublished data) .
In a screen for further RTKs expressed in the developing hindbrain, we isolated cDNAs for the chicken ret gene. Targeted-disruption of ret in transgenic mice results in the loss of the enteric nervous system and agenesis/ dysgenesis of the kidney (Schuchardt et al., 1994) and mutations in the human Ret gene have been implicated in familial Hirschsprung's disease, characterised by loss of enteric neurons (Edery et al., 1994; Romeo et al., 1994) .
In addition, mutations within the human Ret gene have been associated with the inherited forms of the cancer syndromes multiple endocrine neoplasia types 2A and 2B (MEN2A and MEN2B) , familial and sporadic medullary thyroid carcinoma (FMTC; Donis-Keller et al., 1993; Mulligan et al., 1993; Hofstra et al., 1994) .
The enteric nervous system, which is affected by loss of ret function and in Hirschsprung's disease, is derived from the neural crest. Interestingly, most of these neural crest cells originate in the vagal region of the neural tube, a region that includes the posterior hindbrain (reviewed by Le Douarin, 1982; Gershon et al., 1993) . In addition, MEN2A, MEN2B and FMTC also affect neural crest derivatives. The avian embryo has proved to be the experimental system of choice for the study of both hindbrain and neural crest development.
Here we report a detailed description of ret expression in the avian neural tube and neural crest. We present the sequence of chicken ret and discuss these data with regard to its homology to mammalian ret genes, mutations in human Ret implicated in disease and its affinity to cadherins. We also highlight sites of expression which have not been previously reported in the mouse embryo. In addition, we demonstrate that retinoic acid (RA), which has profound effects on the development of the hindbrain and its neural crest derivatives, modulates the axial expression of ret within the hindbrain in intact embryos.
Results

Characterisation of chicken ret cDNAs and comparison to mammalian homologues and cadherins
The polymerase chain reaction (PCR) was used to amplify tyrosine kinase (TK) domain sequences from embryonic neural tube cDNA; products of the expected size were cloned and sequenced. Conceptual translation of one clone revealed that it was 90% identical to TK domain sequences of human and mouse ret genes (Takahashi and Cooper, 1987; Iwamoto et al., 1993) . Since TK sequences are highly conserved among a large superfamily of genes (Hanks, 1991) the putative ret sequence was used to screen a stage 12-15 chicken embryo cDNA library in order to isolate sequences outside this region. A number of cDNAs were isolated and sequenced, including a 4.4 kb clone containing sequences encoding the entire chickeii Ret protein; the coding sequences and conceptual translation are shown in Fig. 1 .
The predicted protein sequence has a IV, of 120 000 including the signal peptide, and is 64% and 62% identical to amino acid sequences of the human and mouse genes, respectively (Iwamoto et al., 1993; Takahashi et al., 1988 Takahashi et al., , 1989 The initiation codon is in a good consensus for initiation of translation (Kozak, 1987) and its position is in close agreement with that predicted for human and mouse proteins (Takahashi and Cooper, 1987; Iwamoto et al., 1993) . However, in the absence of upstream, in-frame stop codons (data not shown), the possibility of longer protein isoforms cannot be precluded.
The major structural features of the mammalian genes are conserved in the chicken homologue. There is an Nterminal leader peptide with a predicted cleavage site (von Heijne, 1986 ) after amino acid 18 and a single predicted transmembrane domain ( Fig. 1) as found in the mouse protein. The second possible transmembrane region described for human Ret (Takahashi et al., 1988) is not predicted in the chicken protein. Mammalian proteins contain extracellular cysteine-rich domains located towards their amino termini and adjacent to the transmembrane region; of 26 extracellular cysteine residues conserved between the human and mouse proteins, 24 are also present in the avian sequence (Fig. 1) . Mammalian Ret proteins are highly glycosylated (Takahashi et al., 1991) and there are 14 potential sites of N-linked glycosylation in the extracellular domain of chicken Ret. However, only 5 of these (residues 188, 368, 384, 459 and 545) are conserved in both mammalian Ret proteins suggesting that most are dispensable for receptor function.
Ret is distinguished among RTKs by an extracellular domain with homology to calcium-binding, adhesive sequences of cadherins (Schneider, 1992; Iwamoto et al., 1993; Kuma et al., 1993) and this region is also conserved in the chicken protein (Figs. 1, 2 ). The presence of sequences which mediate adhesion in cadherins has prompted speculation that the, as yet unidentified, ligand for Ret may activate the receptor through a similar interaction (Schneider, 1992) . The crystal structure of a cadherin domain from N-cadherin has recently been determined and residues involved in co-ordinating calcium ions or in homophilic interactions between cadherin domains have been identified (Shapiro et al., 1995) . The LDRE sequence involved in coordination of Ca2+ is conserved among Ret proteins and cadherins (Fig. 2) , as are the Phe and Glu residues (amino acids 156 and 167 in Fig. l) , outside the cadherin domain, which are also involved in this interaction.
The DxxDxxP 'linker' sequence is also conserved between Ret proteins and cadherins. By contrast, residues which comprise the adhesive interface of N-cadherin are not conserved in Ret (Fig. 2) . Fig. 1 . Sequence and conceptual translation of the coding region of chicken ret cDNA. The following features are indicated: predicted cleavage site of signal peptide (a), cysteine residues in the extracellular domain conserved between human, mouse and chicken Ret (o), amino acid residues conserved between human, mouse and chicken Ret but mutated in human diseases (0, Hirschsprung's disease (Edery et al., 1994 : Romeo et al., 1994 ; -*, FMTC, MEN2A or MEN2B Mulhgan et al., 1993; Edery et al., 1994; Hofstra et al., 1994) ). The predicted transmembrane domain is underlined, the cadherin homology region is boxed and the extent of the tyrosine kinase domain (Hanks, 1991) is indicated by arrows. The sequence has been deposited in the EMBL database with accession number 249898. LAAEGLP----YNENTTGVSVTQ  LEGEGLP----APDSLEVSTR  LGGDSLP----DPDCLEVSTR  -TGPGADQPPT  -TGQGADSPPV  SI-QGPGVDEEP  SI-TGPGADSPP  SI-TGVGADQPP  RL-SGKGVDQDP   Fl!   I-TGQGADAPPE  I- Fig. 2 . Alignment of the cadherin-homology domains of Ret proteins with cadherins. Conserved residues are boxed and indicated in the consensus sequence. Residues which form the adhesion interfaces in homophilic interactions between N-cadherin molecules (Shapiro et al., 1995) are indicated (0). Cadherin sequences were obtained from the Swiss-Prot database: N-, T-, R-, E-and B-cadherin are sequences from the chicken proteins, Mcadherin is from mouse and P-cadherin, desmoglein-2 and desmocollin-2 are human sequences.
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These include an Asp residue (residue 9 in Fig. 2 ) conserved among all other members of the cadherin family, raising doubts concerning the adhesive function of this region in Ret. Further evidence against a homophilic adhesive function for this region derives from observations that, in contrast to cadherins, expression of Ret in either Neuro-2A or L cells fails to promote cell adhesion (Iwamoto et al., 1993; Takahashi et al., 1993) .
The cytoplasmic TK domain of chicken Ret is split by an 'insert' region and the sequence of both enzyme domain and insert region are almost completely conserved between mammalian and avian homologues. The conserved motif YLDL (residues 1016-1019, Fig. 1 ) outside the TK domain indicates a possible direct interaction with PLC-yi (Songyang et al., 1993) , consistent with studies using EGFR/Ret chimeras (Santoro et al., 1994) . In addition, the sequence YEED (residues 892-895) may be indicative of interactions with Abl or Nck (Songyang et al., 1993) . The cytoplasmic region of human Ret also exhibits heterogeneity due to alternative splicing which generates protein isoforms with different C-terminal amino acid sequences (Tahira et al., 1990 ). The C-terminus of the chicken Ret sequence corresponds to the shorter isoform of the human protein, whereas the longer isoform has been characterised in the mouse (Iwamoto et al., 1993) .
Mutations in the human Ret protein have been associated with Hirschsprung's disease, MEN2A, MEN2B and FMTC. Seven different single amino acid substitutions have been linked with Hirschsprung's disease. Of these, six residues are conserved between the chicken, mouse and human sequences (Pro55, Arg321, Phe383, Ser757, Arg889 and Arg964 in the chicken sequence; Fig. l) , however at the seventh position there is a Ser + Pro substitution in the chicken (Pro23; Fig. 1 ). All of the amino acids that are altered in MEN2A, MEN2B or FMTC are conserved. The absolute conservation of all but one of these residues between different vertebrate classes provides further support for their importance in Ret function.
Expression of ret during gastrulation
The cDNA clones were used to determine the distribution of ret transcripts during early development of the chicken embryo. Labelled antisense probes derived from sequences encoding either TK or extracellular regions produced identical results in in situ hybridisations (data not shown). In addition, hybridisation to avian or murine genomic DNA under conditions of reduced stringency suggest that ret is a single-copy gene in the vertebrate genome and does not form part of a larger RTK subfamily (Pachnis et al., 1993; I. Mason, unpublished observations) . Taken together, these data suggest that the probes used in our in situ hybridisation analysis were specific for ret transcripts. The distribution of ret RNA was determined in a detailed analysis of embryos between stages 4 and 23 (Hamburger and Hamilton, 195 1); gastrulation to 40 somites; 40s) and in older embryos at selected stages of development.
ret transcripts were first detected at stage 5, when the head process becomes apparent extending from Hensen's node. Expression was transiently observed within the primitive streak, around the node and in regions lateral to the node (Fig. 3A) . Transverse sections taken through the node or just posterior to it indicated that transcripts were predominantly in the mesoderm and endoderm which will contribute to tissues in the trunk (data not shown). This expression was transient and, by stage 7 (Is), ret RNA was no longer detectable in the primitive streak or around the regressing node. Thereafter during development, ret RNA was not observed in either the primitive streak or the tail bud; thus expression appears to be associated with the first mesoderm and endoderm to be formed in the embryo.
Specific expression of ret in the vagal neural tube
We first isolated ret cDNAs from neural tube RNA and, from early during neurulation (stages 8-9; 3-7s), transcripts were detected in the neural folds, with an anterior limit of expression within the hindbrain just rostra1 to the first somite (Fig. 3B) . Expression extended caudally to the open neural plate at the level of the segmental plate of the paraxial mesoderm. The onset of expression preceded morphological appearance of rhombomeres. However, by stage 9-(6s) the boundary between rhombomeres 5 and 6 has formed (Vaage, 1969; Lumsden, 1990 ) and thereafter, the anterior limit of ret expression abutted this boundary (Fig. 3C ). Caudally, transcript levels were reduced, becoming undetectable at the level of the seventh somite (Figs. 3G and 6A). Transverse sections showed that ret was expressed throughout the ventricular region of the neuroectoderm but transcripts were not detected in floorplate and were considerably reduced in latera1 cells in the basal plate (Fig. 3D) . By stage 1 l+ (14s), RNA was undetectable in the neural tube (data not shown) however, later in development (stage 22; 46s), expression was weakly detected in cells in the position of the motor columns in the spinal cord (Fig. 4H ). In older embryos (embryonic day 9>, it was observed in cells in the spinal cord including motor neurons, and cells in the intermediate zone and dorsal horns (Fig. 3E ).
Retinoic acid modulates both anterior and posterior axial limits of ret expression in the neural tube
Clinical and experimental evidence has implicated retinoic acid (RA) in vertebrate hindbrain and branchial region development, and craniofacial malformations re-sulting from exposure to excess RA mainly involve neural crest-derived structures. However, such defects result from RA exposure prior to the onset of neural crest migration suggesting that RA exerts its effects upon the neural tube; observations which are consistent with evidence that the positional value of cranial neural crest is specified prior to its migration (see Morriss-Kay, 1993 for review).
In vertebrate embryos, endogenous RA has been demonstrated in the hindbrain and anterior spinal cord but not the midbrain, suggesting that it plays a role in the normal development of the former regions (M. Maden, pers. commun.). Exogenous RA modulates the expression of a number of genes implicated in axial patterning in the hindbrain (see for example Conlon and Rossant, 1992; Sundin and Eichele, 1992; Morriss-Kay, 1993 ) and possibly causes homeotic changes in the identity of certain rhombomeres (Marshall et al., 1992; Wood et al., 1994) consistent with a hypothesis that RA respecifies anterior hindbrain regions to a more posterior character.
In the mouse embryo, transcripts of the RA-responsive retinoic acid receptor-/? @AR-/I) gene have an anterior limit of expression located in the caudal region of the hindbrain (Ruberte et al., 1991) which shifts rostrally in response to exogenous RA (Conlon and Rossant, 1992) . We determined that, like ret, RAR-/? transcripts have an anterior limit of expression that abuts the rhombomere 5/6 boundary in the chicken embryo (Fig. 3F) .
Data derived from experiments in vitro indicate that ret is also regulated by RA (Tahira et al., 1991) suggesting that RA might regulate ret expression during development in vivo. We investigated the possibility of coordinated regulation of both RAR-p and ret in the avian neural tube in vivo using an assay system to detect acute changes in gene expression. We found that the axial limit of ret expression in the hindbrain was rapidly modulated by RA. Embryos between stages 9-and 1 l+ were treated with RA for 4 h and the distribution of ret and RAR-p transcripts were compared with stage-matched control embryos. In the majority of cases, RA treatment induced a shift in the anterior boundary limit of expression of ref from the rhombomere 516 boundary to the 314 boundary (n = 29, 4 separate experiments; compare Fig. 3G ,J with H,K). However in some embryos the axial limit of expression was coincident with the r2l3 boundary (n = 3, data not shown). By contrast, RAR-@ expression was induced throughout the anterior tissues of the embryo with an rostra1 limit of expression in the neural tube within the telencephalon (Fig. 31) . The posterior limit of ret expression was also altered; transcripts were detected caudal to somite 7 in the spinal cord and open neural plate (Fig.  3H ). Mesodermal expression of ret was unaffected (compare Fig. 3G and H) . Interestingly, as in the mouse embryo (Conlon and Rossant, 1992) , higher levels of RAR-/? RNA were not induced in the most caudal tissues.
The ability of RA to alter expression of ret varied with the stage of RA administration; exposure of embryos either younger than stage 9-or older than stage ll+ did not result in altered ret expression (data not shown).
ret expression in the otic vesicle and branchial arches
At stage 11 (13s) the otic placode invaginates to form the otic vesicle from which the inner ear is derived. ret expression was first detected within the ectoderm of the otic pit and persisted after the otic vesicle had separated from the overlying ectoderm (Fig. 4A,B,F) . Transcripts were confined to the dorso-lateral quadrant (Fig. 4A,B,F) , the area from which the semi-circular canals arise (Martin and Swanson, 1993; P. Martin, pers. commun.) .
In some stage 10 embryos ref RNA was weakly detectable in lateral ectoderm at the level of r4 (data not shown). However, in older embryos, we did not observe transcripts in this region, which contributes to the second branchial arch, or in ectoderm of other branchial arches at any stage of development. By contrast, ret was detected in mesenchyme of all four branchial arches (Fig. 4B,C,F;  Fig. 5A ). Expression was first observed in the fourth branchial arch at stage 11 (13s) and in the second arch shortly thereafter (stage 12, 16s). Transcripts were detected in the third arch at stage 14 ( 22s) and, from stage 16 (28s), RNA was present in all arches, with more retpositive cells located in second arch (Fig. 4C,F) . Longitudinal sections showed that these cells were mainly confined to lateral regions of the arch mesenchyme (Fig. 4C ). DiI-labelling of the neural tube, prior to neural crest migration, was used to determine the position of neural crest derived ectomesenchyme cells within the arches (data not shown). These studies indicated that most of the neural crest-derived mesenchyme was located in the ret-positive region (i.e. lateral to the major blood vessel, consistent with the unpublished findings of A. Lumsden, pers. commun.), suggesting that some or all of the ret-positive cells are of neural crest origin.
2.6. Expression in the peripheral nervous system ref transcripts appeared in a subset of cells of the VII, IX and X cranial ganglia from stage 15 (25s) and persisted through all later stages examined (Fig. 4F ). They were located specifically in the geniculate (inferior VII), petrosal (inferior IX) and nodose (inferior X) components whose neurons, but not glia, are exclusively of placodal origin (Noden, 1988) . ret expression also appeared transiently between stages 15 and 20 (25 to 40s) in a subset of cells in the trigeminal ganglion (Fig. 4D ) located in the ophthalmic lobe (compare Fig. 4D and E) . Moreover, the majority of these cells were detected in both proximal and distal parts of the lobe. Trigeminal ganglion neurons are of placodal and neural crest origin with the former located predominantly ventrolaterally and the latter dorsomedially, whereas non-neuronal crest derivatives are dispersed throughout the ganglion (D'Amico-Martel and Noden, 1983) . The restriction of these cells to the ophthalmic lobe suggests that they are likely to be neuronal rather than glial and interestingly, their distribution within the lobe indicates a dual origin from crest and placode. Surprisingly, ret transcripts were never detected in the maxillo-mandibular lobe and, by stage 20 (~OS), were no longer detected in the ophthalmic lobe (data not shown), although expression persisted in other sensory ganglia. It should also be noted that ret transcripts were observed in the cranial ganglia in a strict rostro-caudal temporal sequence. In addition, RNA was detected in neural crestderived dorsal root ganglia from stage 23 and, in older embryos, strong hybridisation was detected in individual cells with large cell bodies, presumably neurons (Fig. 41) , with lower levels of expression detected throughout the rest of the structure (Fig. 45) .
Other components of the peripheral nervous system which are of neural crest origin include the sympathetic and enteric nervous systems and ret transcripts were also detected in these. Expression was found in anterior sympathetic ganglia from stage 22 (46s) onwards (Fig. 4H ) and persisted thereafter. The first transcripts to be detected in the developing gut were in a subpopulation of cells within the endoderm at trunk levels at stage 11 (13s). However, this population was not detected in older embryos and their identity and fate are not known, but the time of their appearance indicates that they are not of neural crest origin. Subsequently, a ret-positive population of cells was detected surrounding the developing oesophagus caudal to the fourth branchial arch (Fig. 5A) and, shortly thereafter, at the level of the primordia of the developing proventriculus and gizzard within the dorsal part of the gut mesenchyme (stage 17, 31s; Fig. 5B ). Later, RNA was detected in mesenchyme lateral to the endoderm in this region (Fig. 5C ) and by stage 2 1 (43s) in a network surrounding the developing proventriculus and gizzard (Fig. 5D) . Consistent with identification of these cells as enteric neural crest derivatives, expression was detected in older embryos in individual cells located in both myenteric and submucous plexi at all levels of the gut examined ( Fig. 5E and data not shown).
There is indirect evidence that neurons of the trigeminal mesencephalic nucleus of the midbrain are neural crest derivatives (Narayanan and Narayanan, 1978) and, interestingly, we detected ret-expressing cells in the position of the trigeminal mesencephalic nucleus commencing at stage 15 (Fig. 4G ).
Regional localisation oftranscripts in undifferentiated somites
From the onset of somitogenesis (stage 7) and, thereafter, at all stages of development examined, ret transcripts were detected in the segmental plate and in four somites most recently cleaved from it. Expression was restricted to the anterior halves of somites and the most anterior region of the segmental plate (Fig. 6A,B) . Transverse sections through the segmental plate revealed that transcripts were present throughout the unsegmented paraxial mesoderm (Fig. 6C ), but became restricted to the dorsolateral cells following cleavage of the somites (Fig. 6D ).
Expression of ret in the developing intermediate mesoderm
The intermediate mesoderm (nephrogenic cord), which is the anlage of the nephric duct, forms at the level of somite seven between lateral plate mesoderm and paraxial mesoderm beginning at stage 9+ (8s). We detected ret RNA within this tissue from the time of its first formation ( Fig. 6A and data not shown). Transcripts were initially observed throughout the intermediate mesoderm (Fig. 6  A,B) , however expression was lost in the pronephric region when developing pronephric tubules first became visible (data not shown).
Discussion
We have cloned the chicken ret homologue and determined its expression during chicken embryogenesis.
In the avian embryo, ret is expressed mostly in neural tissue, much of which is of neural crest origin. As discussed below, comparison of the distribution of transcripts in mouse (Pachnis et al., 1993) and chicken embryos shows many similarities but also some differences. Disruption of the ret gene in mice and humans results in partial or complete loss of enteric neurons (Edery et al., 1994; Romeo et al., 1994; Schuchardt et al., 1994) , but its precise function during development of the enteric nervous system remains unclear. In the chicken embryo, we find expression in two regions associated with enteric neural development: first in the vagal region of the neural tube and, later, in the enteric nervous system itself.
Expression in the vagal neural tube
The most obvious early morphological evidence of the spatial subdivision of the vertebrate neural tube is its organisation into a series of bulges called neuromeres. Within the hindbrain, these structures are transient, called rhombomeres, and are morphological manifestations of a segmentation strategy which underlies the development of this region of the neural tube. Segmentation is reflected in the spatial organisation of branchiomotor and somatic motor neurons and nerve exits points (Lumsden and Keynes, 1989) , restriction of cell movement between adjacent rhombomeres (Fraser et al., 1990; Birgbauer and Fraser, 1994) , organisation of the neural crest into 'streams' (Lumsden et al., 1991; Graham et al., 1993) and expression of a unique subset of gene transcripts giving each rhombomere a separate molecular identity (reviewed by Graham, 1992 ; see also Prince and Lumsden, 1994 and references therein). The domain of ret expression in the neural tube has a sharp anterior limit at the r5/6 boundary and a more diffuse posterior limit at the level of the seventh somite. Thus it spans the transition between spinal cord and hindbrain. This domain does not correlate with an obvious anatomical organisation within the neural tube, but rather is the precise region of the neural tube from which the vagal neural crest population arises Hammond, 1954, 1955; Le Douarin and Teillet, 1973, 1974) . Transcripts are present throughout the dorsoventral axis in this region prior to both morphological elaboration of rhombomeres (Lumsden, 1990 ) and migration of vagal neural crest cells (Le Douarin and Teillet, 1973; Lumsden et al., 1991) and are therefore presumably present in neural crest precursors. ret transcripts have also been detected at comparable stages in the murine neural tube (Pachnis et al., 1993) but their distribution along the antero-posterior axis has not been reported.
These data suggest that ret may function in regionalisation of the vagal neural tube, possibly influencing development of vagal neural crest. In common with other cranial neural crest populations, vagal neural crest cells produce sensory and parasympathetic neurons and glia, melanocytes and ectomesenchyme (Maderson, 1987) . However, the vagal neural crest also has unique properties. (i) Transition between cranial and trunk neural crest occurs within the vagal region. Anterior vagal neural crest cells migrate over the adjacent paraxial mesoderm and differentiate into ectomesenchyme and sensory and parasympathetic neurons, whereas posterior vagal neural crest cells migrate by both the dorsal and ventral pathways characteristic of trunk neural crest, do not produce ectomesenchyme and give rise to sympathetic rather than parasympathetic neurons.
(ii) Neural crest from this region is unique in its contribution to the septation of major cardiac vessels. (iii) Vagal neural crest cells migrate into and populate the entire length of the gut giving rise to the two plexi of the enteric nervous system (see Maderson, 1987; Gershon et al., 1993 for reviews) . Neural crest from the sacral region also contributes to the enteric nervous system of the post-umbilical bowel (see Gershon et al., 1993 for a critical review), however, we did not detect ret transcripts in the sacral neural tube (data not shown).
these include motor neurons during the period of targetinfluenced cell death as has previously been reported in the mouse embryo (Pachnis et al., 1993) .
Retinoic acid regulates ret expression in the neural tube
Might ret function in determination of unique properties of vagal neural crest cells prior to their emigration from the neural tube? The extent to which the developmental potentials of neural crest cells are specified prior to their emergence from the neural tube is controversial. Cranial neural crest cells emerging from different axial levels have different positional values (Noden, 1988) , newly emerged crest cells are heterogeneous with respect to the expression of a number of molecular markers and heterotopic, heterospecific transplantation experiments in avian embryos suggest that the ability to differentiate into ectomesenchymal cells is a unique property of cranial neural crest (see Le Douarin, 1982 for discussion). By contrast, other experiments suggest that neural crest exhibits considerable plasticity in its ability to differentiate into neuronal derivatives associated with particular axial levels of crest origin including enteric neurons (FontainePerus et al., 1982; Rothman et al., 1986) . These latter data suggest that local environments might direct differentiation either during or after migration.
However, other transplantation experiments reveal subtle regional differences in the differentiative capacity of the neural crest: orthotopic grafts of trunk neural tube produce more sympathetic neurons than heterotopic grafts of cranial regions and orthotopic grafts of vagal neural crest produce more cells in the enteric nervous system than heterotopic grafts of trunk neural crest (Le Douarin and Teillet, 1974; Le Douarin et al., 1975; Le Lievre et al., 1980) . Although there is no clear consensus of the degree to which neural crest is specified prior to its migration, Ret provides a candidate molecule which may regulate such events in the vagal neural tube raising the possibility that this may be involved in the loss of enteric neurons when Ret function is compromised. ret may be involved in regional specification of the vagal neural tube. Administration of exogenous RA has profound effects on development of the cranial region of vertebrate embryos and may also be involved in normal development of the neural tube. Within the hindbrain, rhombomeric architecture and patterns of gene expression are altered in response to such treatments, with anterior rhombomeres being most severely affected, although the nature of observed changes vary with the developmental stage at exposure (see Morriss-Kay, 1993 for recent review also Conlon and Rossant, 1992; Marshall et al., 1992; Wood et al., 1994) . ret is regulated by RA in vitro and we demonstrated that its anterior limit of expression is coincident with that of RAR-fi which is also RAresponsive (Conlon and Rossant, 1992) . This raised the possibility that ret might be regulated by RA in vivo, be coordinately regulated with RAR-/? and/or be regulated directly by RAR-/?.
In avian embryos treated with retinoic acid, we observe that the limit of ret expression is advanced rostrally to the r3f4 boundary. By contrast, RAR-/I transcripts are detected to the anterior limit of the neural tube and essentially throughout all rostra1 tissues of the embryo consistent with previous studies in the mouse (Conlon and Rossant, 1992) . Thus coordinated axial changes in anterior limits of expression of these two genes are not observed and a simple regulatory role for RAR-fi in ret transcription seems unlikely. It should be noted that the caudal limit of ret expression is also affected, being extended into the neural plate region, whereas RAR-/I transcript levels are not appreciably affected caudally. Administration of retinoic acid to mouse embryos during a certain period of their development results in expression of hoxb-I transcripts, a characteristic of r4, in r2. Furthermore, neuroanatomical analysis of r2 in such embryos suggests that it has taken on characteristics normally associated with r4 suggesting a homeotic transformation of character (Marshall et al., 1992) . However, no simple correlation is observed between normal rostra1 limits of expression of a variety of genes (box, Krox, RAR-p or ret) and those detected in RA-treated embryos in a range of vertebrate species (see Morriss-Kay, 1993 for references; also Conlon and Rossant, 1992; Marshall et al., 1992; Wood et al., 1994 and this study) . This suggests that morphological changes induced in the neural tube by exposure to RA are likely to be complex rather than simple and complete homeotic transformations.
In older embryos, ret RNA is also found in a subset of 3.3. ret expression in the enteric nervous system cells throughout the dorsoventral axis of the spinal cord:
ret transcripts are detected caudal to the posterior branchial arches and in anterior regions of the gut consistent with the anterior-posterior migration of enteric neural crest cells and data from the mouse embryo (Pachnis et al., 1993) . The timing of their appearance is also consistent with expression of ret in actively migrating neural crest cells (Tucker et al., 1986) . The ret-positive cells appear as a network in the proventriculus and gizzard and this spatial and temporal organisation has been reported previously for enteric neural crest cells using other markers (Epstein et al., 1991) . Examination of older embryos showed that ret is expressed in cells of both the submucous and myenteric plexi and similar data have been reported in the mouse embryo (Pachnis et al., 1993) . Aganglionosis in Hirschsprung's disease has been attributed to a failure of migration of neural crest cells along the developing gut (Okamoto and Ueda, 1967) . Although, our data are consistent with such a hypothesis there is, as yet, no direct evidence to support it and neuronal loss could equally be attributable to a failure of differentiation or survival of enteric neurons in situ.
3.4. Expression in many placodal and neural crest derivatives ret is detected in the ectomesenchyme of the branchial arches in the chicken embryo and also occasionally at low levels in cells, possibly neural crest, adjacent to r6 in stage 11 embryos, but otherwise, we do not detect ret transcripts in cells adjacent to the hindbrain neuroepithelium during the period of crest emigration (Lumsden et al., 1991) . By contrast, in the mouse, it is observed in a stream of cells, probably neural crest, adjacent to r4 in the hindbrain, but ret-positive cells are not detected subsequently in the second branchial arch. In addition, ret is observed in vagal neural crest cells coincident with their arrival in branchial arches 3 and 4 and, thereafter, during and after the period of colonisation of the gut by the precursors of the enteric nervous system (Pachnis et al., 1993) .
ret expression is detected in most of the major neural crest derivatives. In addition to the enteric nervous system and branchial ectomesenchyme (discussed above), other neural crest derivatives in which ret transcripts are detected include the sympathetic and sensory ganglia of avian and mouse embryos (this study and Pachnis et al., 1993) . ret was also detected in the otic pit and inferior cranial ganglia which are placodal in origin. Within the cranial ganglia of both species expression is restricted to a subset of cells and, in the chicken embryo, expression is never observed in the maxillomandibular lobe of the trigeminal (V) ganglion. In embryonic chicken dorsal root ganglia a population of cells express high levels of RNA but lower levels are detected throughout the ganglia. The detection of ret transcripts in cells of the peripheral nervous system is of interest in view of the association of Ret expression in neuroblastoma and in particular, the linkage of mutations in the Ret gene with the human syndromes MEN2A and MEN2B which are characterised by neuroblastoma and pheochromocytoma (Donis-Keller et al., 1993; Mulligan et al., 1993; Hofstra et al., 1994) . We also detected expression in cells in the position of the mesencephalic trigeminal nucleus within the midbrain which might also be of neural crest origin. These data suggest that ret may be important in the development of other neural crest derivatives and, in support of this, defects in sympathetic ganglia of ret null mice have recently been characterised (V. Pachnis, pers. commun.).
A role in regionalisation of epithelial somites
In addition, to its widespread expression in neural tissues or their derivatives, ret is also detected in certain mesodermal tissues. For example, we first detect transcripts in mesoderm early during gastrulation, although transcripts are confined to the extraembryonic trophectoderm cells of the gastrulating rodent (Pachnis et al., 1993) . Expression was later detected in newly formed somites and this also has not been described for mouse embryos.
Somites are generated in a rostra1 to caudal sequence with a new somite cleaving from the segmental plate every 6&90 min and ret is expressed transiently in the anterior half of recently cleaved epithelial somites and in the anterior margin of the segmental plate. Data derived from heterospecific transplants between chick and quail somites suggest that the dorsolateral region of the somite subsequently differentiates into dermamyotome (Ordahl and Le Douarin, 1992) , although when differentiation is first apparent (5 somites rostra1 to the segmental plate) ret is no longer detectable.
The anterior and posterior regions of sclerotome have distinct developmental properties; neural crest cells and motor axons migrate freely through the anterior half of the sclerotome but are inhibited from entering the posterior half of the sclerotome (reviewed by Keynes and Stern, 1988) . Molecular differences between the anterior and posterior halves of each somite have been previously described and, subsequently, these differences become restricted to the sclerotome (see Nieto et al., 1992 for references) . However, ret expression identifies a molecular characteristic restricted to anterior presumptive dermamyotome cells, for which such a distinction has not been reported previously. The initial course of neural crest migration upon entry into the somite is along the basal lamina ventral to the dermamyotome (Tosney et al., 1993) . This raises the possibility that ret may influence distinct properties of the anterior dermamyotome which contribute to the preferential migration of these cells during their entry into the somite.
ret in the developing kidney
Targeted-disruption of the kinase domain of the ret gene in transgenic mice causes severe defects in the developing kidney in homozygous null embryos (Schu-chardt et al., 1994) . As has been described in the mouse embryo (Pachnis et al., 1993) , ret transcripts are detected in the intermediate mesoderm and its derivative, the nephric duct, in the avian embryo. In the chicken, RNA is detected in cells lateral to the segmental plate as they differentiate and coalesce to form the intermediate mesoderm and ret is the earliest known molecular marker for this lineage. As pronephric and mesonephric tubules become apparent ret becomes undetectable, although transcripts are still present at less mature caudal levels. We have not examined ret expression in the metanephric kidney, however Pachnis et al. (1993) describe expression in the ureteric bud which arises from the nephric duct and branches dichotomously to form the epithelium of the developing kidney. During the development of the murine kidney, ref transcripts become progressively restricted to those regions in which nephrogenesis is ongoing (Pachnis et al., 1993) this is consistent with the loss of expression we observe in the avian embryo in the maturing pronephros and metanephros. Loss of ret function causes agenesis or dysgenesis of the metanephric kidney of the mouse and it has been proposed that ret transduces a mesenchymederived signal that stimulates the growth and branching of the ureteric bud epithelium (Schuchardt et al., 1994) . Whether pronephros or mesonephric development is also affected in such embryos has not been reported.
3.7, Concluding remarks
We have described expression of ret in the avian embryo. Many sites of expression are shared with the mouse embryo, while others such as germ layers in the early gastrulating embryo, otic vesicle, trigeminal mesencephalic nucleus, somites, branchial ectomesenchyme and vagal neural tube have not previously been described in the mouse. However, it is currently unclear whether some or all of these represent sites of expression that are unique to the avian embryo; it will be important to re-examine mouse embryos to determine whether they are also conserved and if they are affected in embryos in which Ret function has been compromised. Moreover, the developmental significance of alternative splicing which generates multiple Ret protein isoforms remains to be determined. In addition, the ligand for Ret is unknown, but previous suggestions that the possession of a cadherin domain might be indicative of a homophilic mechanism of activation now seem unlikely both from considerations of the. sequence conservation in the cadherin domain, its lack of adhesive activity in transfected cell lines and the expression patterns in both mouse and chicken embryos.
Experimental procedures
Cloning and in situ hybridisation
Neural tube tissue was dissected from Rhode Island Red chicken embryos (Needles Farm) at embryonic day nine, washed briefly in Howard's Ringer, and RNA was prepared as described (Chomczynski and Sacchi, 1987) . First strand cDNA was synthesised from 1Opg of total RNA as detailed (Mason et al., 1994) and used directly for PCR under amplification conditions as described (Goodyear et al., 1994) . TK domain sequences were amplified using redundant primers GGTCGACRTBAAY-YTSYTSGGNGCNTGY (5' primer) and GGAGCTC-VAYNCCRAARSWCCAVACRTC (3' primer) designed from the amino acid sequences VNLLGAC and DVWSFG respectively. The former primer incorporates a Sal1 and the latter a Sac1 restriction enzyme site to facilitate directional cloning into pBluescript vectors (Stratagene, La Jolla, USA). Sequencing was performed using a SequenaseTM kit (Amersham International, UK) according to the manufacturer's recommendations. For in situ hybridisation, Rhode Island Red eggs were incubated in a humidified atmosphere at 38"C. Embryos were staged according to Hamburger and Hamilton (195 1) and fixed overnight in 4% w/v paraformaldehyde, 1 X phosphatebuffered saline. Radioactive in situ hybridisation to tissue sections was performed as described (Mason et al., 1994) . In situ hybridisation to whole embryos was undertaken as described (Wilkinson, 1992) with the following alterations. Embryos were dissected into Howard's Ringer and the incubation in glycine following Proteinase K treatment was omitted. Post-hybridisation washing was altered as follows: three washes were performed in solution 1 each for 30 min at 70°C. Washes in solution 2 and RNase A were sometimes omitted; proceeding immediately from solution 1 to solution 3 of the original protocol. After incubation with anti-digoxygenin, alkaline phosphatasecoupled fab fragments (Boehringer, Lewes, UK) embryos were washed 5 times for 1 h each with TBST and incubated in TBST overnight. BCIP and NBT substrates were always changed if reactions were left to develop overnight or if the solution surrounding the embryos started to turn pink. After sufficient coloured reaction product had developed embryos were washed in several changes of PBT prior to storage in-sterile glycerol. The chicken RARp was as described (Rowe et al., 1991) .
Sections of embryos were cut on a vibrotome using the following procedure. Embryos were washed twice for 30 min in PBS, then post-fixed in 0.25% gluteraldehyde (Merck, Dagenham, UK)/PBS for 30 min at room tcmperature. Specimens were then embedded in a filtered solution of 30% w/v ovalbumin (Sigma, Slough, UK), 0.5% gelatin w/v (Sigma, Slough, UK), in PBS with gluteraldehyde added to a final concentration of 2.5% immediately before use. Blocks were maintained at room temperature for 60 min, to harden before cutting. Sections of 30-50pm were cut on an Oxford model G Vibrotome (Oxford Laboratories, USA), and were mounted on slides subbed with albumin/gelatine solution in glycerol.
Retinoic acid treatment of cultured embryos
Rhode Island Hen eggs were incubated as described above and embryos were dissected into Howard's Ringer. Embryos were pinned through the attached chorioallantoic membrane onto Sylgard (Dow Corning, Seneffe, Belgium)-coated dishes and were submerged in incubation medium. Incubation medium was Earl's balanced salt solution supplemented with 1.8 @ml or 0.25 pg/ml alltran~ retinoic acid (Sigma) or just the solvent (control embryos) and purged with oxygen/carbon dioxide 19:l prior to use. Retinoic acid stock solutions were prepared fresh for each experiment as 500-fold concentrated solutions in 100% ethanol. Cultures were incubated for 4 h in oxygen/carbon dioxide 19:l in a gas chamber at 38°C. After treatment embryos were rinsed twice in Howard's Ringers solution and fixed overnight in 4% paraformaldehyde prior to in situ hybridisation. 
Immunohistochemistry
Developing axons were identified using the 3AlO monoclonal antibody which recognises a neurofilamentassociated epitope (Furley et al., 1990) by immunohistochemical analysis of whole embryos as described (Guthrie and Lumsden, 1992) . Following incubation with each antibody, embryos were washed three times each for one hour with phosphate-buffered saline (pH 7.2) containing 1% v/v foetal calf serum and 1% v/v Triton X-100. Graham, A. (1992) Semin. Neurosci. 4,307-315. Graham, A., Heyman, I. and Lumsden, A. (1993) Development 119, 233-245. Graham, A., Francis-West, P., Brickell, P. and Lumsden, A. (1994) Nature 372,684-686.
